Photo-catalytic degradation of 2,4-DCP wastewater using MWCNT/TiO2 nano-composite activated by UV and solar light  by Mohammadi, M. & Sabbaghi, S.
P
M
M
F
a
A
R
R
2
A
P
K
N
P
2
P
F
1
o
r
t
m
2
t
T
p
H
t
o
(
c
v
g
r
T
h
2Environmental Nanotechnology, Monitoring & Management 1–2 (2014) 24–29
Contents lists available at ScienceDirect
Environmental Nanotechnology,  Monitoring  &
Management
jou rn al hom epage: www.elsev ier .com/ locat e/enmm
hoto-catalytic  degradation  of  2,4-DCP  wastewater  using
WCNT/TiO2 nano-composite  activated  by  UV  and  solar  light
.  Mohammadi,  S.  Sabbaghi ∗
aculty of Advanced Technologies, Nano Chemical Engineering Department, Shiraz University, Shiraz, Iran
 r  t  i  c  l e  i  n  f  o
rticle history:
eceived 13 May  2014
eceived in revised form
1 September 2014
ccepted 26 September 2014
iero Gardinali
eywords:
a  b  s  t  r  a  c  t
In this  study  nano-composite  MWCNT/TiO2 as  catalyst  is synthesized  by  a modiﬁed  sol–gel  method  and
photo-catalytic  removal  of 2,4-dichlorophenol  (2,4-DCP)  by this  nano-composite  has  been  studied  in a
ﬂuidized  bed  reactor,  which  is  designed  and constructed,  under  UV and  solar  irradiation.  The  effects  of
important  parameters  such  as: type of catalyst,  catalyst  composition,  pH, initial  2,4-DCP  concentration,
and  time  have  been  investigated  on the rate  of removal  of  2,4-DCP.  The  concentrations  of  2,4-DCP  were
measured  as  a function  of  irradiation  time  through  the  UV–vis  spectrophotometer.  Different  analysis
method  such  as  PSA,  FTIR,  XRD,  is  conducted  to characterize  the  nano-composite.  The  results  showedano-composite
hoto-catalytic
,4-DCP wastewater
SA
TIR
a  signiﬁcant  dependence  of  the photo-catalytic  removal  of  2,4-DCP  on  the  functional  parameters.  The
results  demonstrated  that  nano-composite  with  weight  component  percent  of 60–40  of  MWCNT/TiO2
under  solar  and  UV  irradiation  had  the  best  rate  of  2,4-DCP  removal.  The  removal  percent  of  2,4-DCP
with  this nano-composite  in  the ambient  temperature,  optimum  pH  of  11  in  120  min  period  under  solar
radiation  is 87%  and  under  UV radiation  is 93%.
©  2014  Published  by Elsevier  B.V.  This  is an  open  access  article  under  the  CC  BY-NC-ND  license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).. Introduction
Several studies have been conducted on different applications
f metal–oxide semiconductors for photo-catalytic environmental
emediation such as wastewater decontamination especially due
o high photo-sensitivity, non-toxic nature, low cost, and environ-
ental friendly characteristics (Hoffmann et al., 1995; Cozzoli et al.,
004; Thompson and Yates, 2006; Chen and Mao, 2007). However,
here are some faults in the wide band-gap semiconductors (such as
iO2, CuO and ZnO) as photo-catalysts, since they can just be excited
hoto-catalytically under UV irradiation (Linsebigler et al., 1995;
an et al., 2005). It is worth mentioning that, visible light with spec-
ral wavelength in between 400 and 700 nm accounts for about 45%
f the total solar radiation energy, while UV occupies less than 10%
Liao et al., 2006). Thus, serious interest exists to improve the photo-
atalytic activity for practical photo-catalytic applications under
isible light. Besides, the fast recombination rate of the photo-
enerated electron–hole pairs in single component semiconductors
estricts their photo-catalytic efﬁciency (Hoffmann et al., 1995).
he development of visible light-driven photo-catalysts with high
∗ Corresponding author. Tel.: +98 711 6133709; fax: +98 711 6286421.
E-mail address: sabbaghi@shirazu.ac.ir (S. Sabbaghi).
ttp://dx.doi.org/10.1016/j.enmm.2014.09.002
215-1532/© 2014 Published by Elsevier B.V. This is an open access article under the CC Benergy transfer efﬁciency, non-toxicity and low cost is one of the
most challenging tasks. Many efforts in photo-catalysis ﬁeld are
dedicated to the modiﬁcation of the existing photo-catalysts to in
order to enhance their performance through different modiﬁcation
routs (Kim et al., 2005; Arai et al., 2007; Ye et al., 2006).
Several contaminants are found in industrial wastewaters,
among which chlorophenol can be considered among the most
harmful species for environmental and human health. On this way,
chlorophenols (CPs) constitute a particular group of priority toxic
pollutants listed by the US EPA in the Clean Water Act (EPA, 2002;
Hayward, 1998; Keith and Telliard, 1979) and by the European Deci-
sion 2455/2001/EC (EC Decision, 2001), because most of them are
toxic and hardly biodegradable, and are difﬁcult to remove from the
environment. The half-life in water can reach 3.5 months in aero-
bic waters for PCP (pentachlorophenol) and some years in organic
sediments (Tseng and Huang, 1991). Because of their numerous
origins, they can be found in ground waters, wastewaters and
soils (Wegman and Van den Broek, 1983) and even in the trophic
chain of places with very low pollution levels (Paasivirta et al.,
1980; WHO, 1989). They might produce disagreeable taste and odor
to drinking water at concentrations below 0.1 g−1 (Veschueren,
1983) and adverse effects on the environment (Folke and Birklund,
1986).
The methods used for the treatment of water/wastewater con-
taining phenolic wastes include microbial degradation (Barbeau
Y-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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diameter of 10 cm and quartz tube with inner diameter of 2 cm)  was
made from Pyrex glass. The reaction temperature was maintained
at 30 ◦C using a temperature controller. Inside the photo-reactor,
an 8 W ultraviolet lamp is installed surrounded by the quartz tube
Fig. 1. The schematic of the photo-reactor used for phenol photo-catalytic degra-
dation: (1) shell, (2) reaction zone, (3) quartz tube, (4) UV lamp, (5, 6) input air, (7)M.  Mohammadi, S. Sabbaghi / Environmental Nanot
t al., 1997), chemical oxidation (Leyva et al., 1998), photo-catalytic
egradation using TiO2 (Agrios et al., 2003), sonophoto-chemical
Shirgaonkar and Pandit, 1998), ultrasonic degradation (Pandit
t al., 2001), enzymatic polymerization (Buchanan and Micell,
997) and adsorption (Burleigh et al., 2002), etc. Among these,
hoto-catalytic degradation offers an efﬁcient and economically
easible technology for the removal of contaminants from wastew-
ters.
Heterogeneous photo-catalysis is a promising technique valu-
ble for environmental cleaning and remediation (Serpone and
elizzetti, 1989). Fundamental and applied research on this subject
as been performed extensively during the last three decades all
ver the world. Nowadays, the main goal of research and develop-
ent is the use of this technique for air puriﬁcation and wastewater
reatment (Robert, 2003a,b). The most effective functional materi-
ls for photo-catalytic applications are the semiconductor oxides
Li and Shah, 2003). The semiconductor photo-catalysis with a pri-
ary focus on TiO2 as a durable photo-catalyst has been applied
o a variety of problems of environmental interest (Anon, 1999).
ecause of the higher photo-catalytic efﬁciency, TiO2 nano par-
icles, especially anatase phase, have become more and more
opular in related ﬁelds such as optics, microelectronics and photo-
atalysis. The major drawback in the practical application under
rradiation of natural solar light is the band gap energy (3.2 eV)
or anatase TiO2. Therefore, the development of photo-catalysts
hat can be excited by visible light has received much attention.
ecently, various modiﬁcations have been performed on nano-
ized TiO2 to improve its photo-catalytic activity in solar light,
ncluding surface modiﬁcation, metal depositing, transition metal
nd transition metal oxide complexes (Hamal and Klabunde, 2007;
iang and Li, 2009; Yang et al., 2009; Pan et al., 2009; Akurati
t al., 2008). For example, TiO2 impregnated with different tran-
ition metals shows a slight shift in the band gap transition to
onger wavelengths and an extension of the absorption in the vis-
ble region, but also a signiﬁcant reduction in photo-activity due
o a higher recombination rate (Di Paola et al., 2002). MWNTs
ould act as a good support for photo-catalytic TiO2 due to their
igh mechanical and chemical stability, larger speciﬁc area and
he mesoporous character, a dispersion of TiO2 on MWNTs sur-
ace could create more active sites for the photo-catalytic reactions
Woan et al., 2009). So the CNTs–TiO2 composites could be uti-
ized in treating various biological, organic, or inorganic hazardous
ollutants in water or air, and even the passive decontamination
f surfaces. Wang et al. (2007) synthesized anatase TiO2–CNTs
ano-composites through a nano-coating-hydrothermal process,
nd the composites showed enhanced photo-catalytic activity
or photo-degradation reaction of methylene blue under visible-
ight irradiation. Dong and Lu (2009) attached TiO2 nanoparticles
nto shortened CNTs by electrostatic attraction. One of the most
mportant advantages of MWCNT/TiO2 which is synthesized by a
odiﬁed sol–gel method is that it has high photo catalytic activ-
ty at alkaline pH. A low pH is associated with a positively charged
urface which cannot provide hydroxyl groups which are needed
or hydroxyl radical formation. On the other hand, higher pH val-
es can provide higher concentration of hydroxyl ions (OH−) to
eact with the holes to form hydroxyl radicals (OH
•
) (Doong et al.,
001).
In this study, nano-crystalline TiO2 particles are doped with
ulti-walled-carbon nanotube (MWCNT). The photo-catalytic
ehavior of the resulting powder is characterized by quanti-
ying the degradation of 2,4-DCP in aqueous suspensions in
 ﬂuidized bed photo-reactor. Therefore, MWCNT/TiO2 nano-
omposite is selected as the target material to be synthesized
hrough a modiﬁed sol–gel method and further to investigate the
hoto-catalytic activity of multi-component semiconductor sys-
ems.logy, Monitoring & Management 1–2 (2014) 24–29 25
2. Materials and methods
2.1. Materials
The TTIP (titanium isopropoxide) was  purchased from Aldrich
with the purity of 97 wt% and was used as precursor. The MWCNTs
(multiwall carbon nanotubes) (diameter <20 nm,  length 10–30 m,
purity >95 wt%) were purchased from Aldrich as well. Analytical
reagents such as 4-chlorophenol, HNO3, methanol, and ethanol are
supplied by Merck. Deionized distilled water obtained from Milli-
pore system was used in the preparation of solutions.
2.2. Experimental procedure
2.2.1. Synthesis of MWCNT/TiO2 nano-composite
A solution of titanium isopropoxide was prepared by dissolving
14.8 mL (xx mole) in 100 mL  of ethanol and let the solution to be
stirred magnetically for an hour at room temperature. Concentrated
nitric acid (0.78 mL,  65 wt%) was added to the solution, and MWCNT
was added to the solution with the same molar amount of TTIP. The
solution was  stirred until a homogenous gel was  formed. The aging
of the product took place in the room temperature for 4–5 days
to get xerogel which was  dried further in an oven at 800 ◦C for 5 h
and crushed to the ﬁne powder. The powder was  calcinated in the
furnace at 5000 ◦C for about 6 h in the presence of an inert gas. The
calcination process was taken place in an innovative reactor and
ﬁnally the MWCNT was  fully and homogenously coated with TiO2.
The structures of samples were examined by PSA, FTIR, and XRD.
The results are illustrated in Figs. 2–4.
2.2.2. Apparatus
A photo-reactor was  used for the removal of 2,4-DCP. A
schematic diagram of the reactor is shown in Fig. 1. The one-liter
cylindrical photo-reactor (The height of the reactor is 40 cm and the
inner diameter of the reaction zone is 6 cm and the shell has an innersample output, (8) sample and catalyst input, (9, 10) input and output of hot or cold
water for controlling the temperature (11) heater stirrer.
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Fig. 2. Calibration curve for ﬁnding unknown 2,4-DCP concentration.
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Fig. 3. FTIR pattern, (a) TiO2, (b) MWCNT, (c) MWCNT/TiO2.
nd placed at the center of the ﬂuidized bed reactor. The lamp has
 maximum intensity at the light wavelength of 254 nm.
.2.3. Photo-catalytic degradation
At ﬁrst, the optimum composition of the catalyst is to be found
n order to obtain the best 2,4-DCP removal efﬁciency. For this
urpose, 5 different compositions, based on weight percent ratio
f TiO2 to MWCNT was examined. These weight percent ratio are
50:50], [60:40], [70:30], [40:60] and [30:70]. Control Experiment
ithout UV was run for each experimental condition. Spectropho-
ometry (UV–Visible spectrophotometer) was used since 2,4-DCP
as a maximum wavelength at  = 280 nm.  In order to use the
V–visible spectrophotometer a number of phenol observant solu-
ions with known concentrations (5, 10, 15, 20, 25, 30, 35, 40, 45,
0, 60, 70 ppm) were prepared. Based on the results, a graph of
bsorbance vs. concentration (calibration curve, Fig. 2) is obtained
hich results in 280 nm which is the height of 2,4-DCP obser-
ant. Phenol concentrations before and after photo degradation
ere calculated from the calibration curve (Eq. (1)). The amount
f absorbance at 280 nm is used to ﬁnd the concentration of the
,4-DCP solution. The degree of phenol removal as a function of
ime is then given by Eq. (2):Absorbance at 280 nm) = 0.0532 × C(ppm) − 0.0591 (1)
, 4-DCP removal =
[
C0 − C
C
]
× 100 (2)
Fig. 4. XRD pattern ology, Monitoring & Management 1–2 (2014) 24–29
The mixture was  put in the UV–visible spectrophotometer in
order to calculate the percent removal of 2,4-DCP without UV
irradiation. Afterwards, the mixture of wastewater and catalyst
was exposed to irradiation for 2 h inside the photo-reactor under
UV and solar irradiation. The mixture was put in the UV–Visible
spectrophotometer in order to determine its 2,4-DCP removal per-
centage. The best type of nano-composite was  used with different
amount including 0.05, 0.1, 0.15, 0.20, 0.25 g in 250 ml  solution
of 2,4-DCP to ﬁnd optimum condition. The mentioned steps were
repeated to ﬁnd optimum conditions for other effective variables
of pH, initial 2,4-DCP concentration, and degradation time for the
selected optimum composition. All of the experiments took place
three times in order to check reproducibility of these experiments.
Standard errors of these experiments were calculated and the
results are shown in the following ﬁgures.
3. Results and discussion
3.1. Characterization and morphology of MWCNT/TiO2
The FTIR pattern of TiO2, MWCNT and MWCNT/TiO2 is shown
in Fig. 3. In Fig. 3 the band at 677 cm−1 is from titanium oxide and
refers to the stretching of Ti–O–Ti. The peak at 1516 cm−1 is due
to the lattice vibration of titanium oxide. The bending vibration of
coordinated H2O and Ti–OH creates the absorbance at 1644 cm−1
and the surface absorbance of water and hydroxyl groups are at
2362 and at 3445 cm−1 respectively. We  can see from this ﬁgure
that at 1515 cm−1 absorbance is due to the C C stretching which is
related to the structure of MWCNT. It is obvious from Fig. 3 that the
533 and 1515 cm−1 are corresponding to TiO2 and MWCNT respec-
tively, which shows the MWCNT is coated with TiO2 properly.
Fig. 4 shows the XRD patterns of nano-composite MWCNT/TiO2.
The sample was examined with a Unisantis XMD  300, X-ray diffract
meter and systematic Xpert PRO X-ray diffraction ( = 1.540598).
The results indicate that the MWCNT/TiO2 nano-composite has
homogenous structure and no signiﬁcant peaks from impurities
observed in that. The small size of nano-composite can be recog-
nized by looking at the broadening of the peaks in the pattern.
The particle size analyzer was  used for each sample during
the experiment, and the results reveal that the distribution of
MWCNT/TiO2 is uniform. The results are shown in Fig. 5.
3.2. Degradation of 2,4-DCP under UV and solar irradiation
3.2.1. The type and amount of nano-composite
The percent removal of 2,4-DCP under UV and solar radiation
with different types of MWCNT/TiO2 nano-composite is shown in
Fig. 6. As these results show, MWCNT/TiO2 nano-composite with
weight percent ratio of 60:40 has the best percent removal in 2 h.
The percent removal for 0.15 g of this nano-composite has been 75
and 71 under UV and solar radiation respectively. Fig. 7 shows the
effect on the compositional change of nano-composite in 250 ml
f TiO2/MWCNT.
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Fig. 5. PSA pattern of TiO2/MWCNT.
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big. 6. The effect of the catalysts on degradation of 2,4-DCP solution under UV and
olar irradiation.
olution of 2,4-DCP. The ﬁgure shows that the best percent removal
as obtained from the addition of 0.15 g of nano-composite.
.2.2. pH
The pH of the solution has a strong effect on the photo-
egradation process, as shown in Figs. 8 and 9. In this study the
H of 3, 5, 7, 9 and 11 were investigated. Degradation of 2,4-DCP
as not been found to be signiﬁcant at low pH values but increased
apidly with pH increase. According to this ﬁgure it is obvious that
he ratios of ﬁnal concentration to initial concentration reach to
inimum amount pH of 11 in comparison with pH of 3, 5, 7 and 9 for
oth UV and solar irradiation. Further increase in pH showed only
0
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C
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0
Time(min)
Fig. 8. The effect of different pH on degradaFig. 7. The effect of the amount of catalyst on degradation of 2,4-DCP under UV and
solar irradiation.
a small increase in the photo-degradation efﬁciency. By decreasing
or increasing pH we have positive or negative charge surface on
TiO2 in the solution (Tseng and Huang, 1991). Upon hydration,
surface hydroxyl groups (TiOH) are formed on TiO2. According to
reactions (R1) and (R2) these surface hydroxyl groups can undergo
proton association or dissociation reactions, thereby bringing about
surface charge which is pH-dependent:
TiOH + H+ TiOH2+ (R1)
TiOH  TiO− + H+ (R2)
where TiOH2+, TiOH, and TiO− are positive, neutral and negative
surface hydroxyl groups respectively. A low pH is associated with a
positively charged surface which cannot provide hydroxyl groups
which are needed for hydroxyl radical formation, consequently,
the rate of 2,4-DCP degradation may  decrease. On the other hand,
higher pH values can provide higher concentration of hydroxyl
ions (OH−) to react with the holes to form hydroxyl radicals (OH• ),
thereby enhancing the photo-degradation of 2,4-DCP (Doong et al.,
2001).
3.2.3. Effects of initial solution concentration and time of reaction
The effect of varying initial 2,4-DCP concentrations on its degra-
dation rate are shown in Figs. 10 and 11 for both UV and solar
irradiation respectively. The lower the initial 2,4-DCP concentra-
tion, the higher the ratio of ﬁnal to initial concentration was
achieved. A Langmuir–Hinshelwood type (Chen and Ray, 1999) of
relationship can be used to describe the effect of initial 2,4-DCP
100 120 140
pH=3
pH=5
pH=7
pH=9
pH=11
tion of 2,4-DCP under UV irradiation.
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Fig. 9. The effect of different pH on degradation of 2,4-DCP under solar irradiation.
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Fig. 10. The effect of the initial solution concentration on degradation of 2,4-DCP under UV irradiation.
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Fig. 11. The effect of the initial solution concentration on degradation of 2,4-DCP under solar irradiation.
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oncentration on its degradation. The limitation of surface sites
or the reaction may  control the 2,4-DCP decomposition. At a con-
entration of 10 ppm, 2,4-DCP can be totally degradate within 1 h.
he results clearly demonstrate that the photo-catalytic oxidation
rocess is promising at low initial concentrations of the pollutant.
Successful application of the photo-catalytic oxidation system
equires the investigation of the dependence of photo-catalytic
egradation rate on the degradation time. For time optimization
t optimized conditions of composition, pH and initial concentra-
ion of 2,4-DCP in 250 ml  solution we have seen that in 3 h under
V irradiation the 100 percent removal was taken place and under
olar radiation this time exceeds to 3 h and 30 min. It is the most
mportant hint to say that the most degradation take place in the
rst 100 min  of reaction under UV and solar radiation.
. Conclusion
This study revealed that MWCNT/TiO2 nano-composite which is
ynthesized from a modiﬁed sol–gel process showed a high activ-
ty for UV-photo-catalytic degradation of 2,4-DCP. A ﬂuidized bed
eactor was used for degradation of this pollutant. The experiments
as taken place in the 50 ppm solution of 2,4-DCP at 25 ◦C. The
est weight component percent of MWCNT/TiO2 was  60–40 under
olar and UV irradiation. The removal percent of 2,4-DCP with this
ano-composite in the ambient temperature, optimum pH of 11
n 120 min  period are 87% and 93% under solar and UV radiation
espectively. Also, by increasing time to 3 and 3:30 h for UV and
olar radiation the 4-CP removal reach 100 percent.
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